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Introduction

Solea senegalensis is one of the most thriving species of marine large-scale culture in Europe 

and one of the threats that causes important economic losses is the infection by Aeromonas 

salmonicida (AS). Most vaccines against bacterial pathogens produced for aquaculture are 

killed whole-cell preparations. Besides protection, vaccine delivery is an area where 

significant improvement is needed. Fish vaccination is mainly conducted by injection 

(intraperitoneal or intramuscular) (1). Oral vaccination is highly pursued in aquaculture as is a 

cost-effective, and almost effortless delivery method, suitable for all stages of development (2, 

3). Their efficacy is dependent on antigen content in the feed, resistance against gastric 

degradation and antigen adsorption/uptake in the gut. Oral vaccines have also the advantage 

of facilitating the implementation of a vaccination regime with boosters that avoid fish handling 

and stress. Here, we developed two experimental vaccines, including oral and intraperitoneal 

(ip.) formulations, and determine the capacity of the new vaccine formulations to provide 

protection against an AS atypical strain in the sole compared with the standard ip. autogenous 
vaccine used currently.

Results

Challenges with AS three months after vaccination resulted in a 45-54% relative percent 

survival for both, the oral HD and the LIPV ip. vaccines, while the RPS of the STV was 18% 

(Fig. 1). 

Fig.1. Protection levels of the vaccines at 3-months post-vaccination. Cumulative mortality of vaccinated S. senegalensis 

after ip. challenge with A. salmonicida subsp. achromogenes. Relative percent of survival (RPS = [1 – (% mortality in 

vaccinated fish/% mortality in control fish] x 100%) is indicated in the table. n=25.

Materials and methods

Two oral formulations with whole or particulated bacterin (OV-W/OV-P) at two 

different doses (high-HD, low-LD), and an intraperitoneal vaccine consisting of a gel 

adjuvant emulsion with liposomes formulated also with whole or particulate antigen 

(LIPV-W/LIPV-P) were administered to cultured soles. Their effects were compared 

to the standard ip. vaccine (STV) formulated with an oil-based adjuvant. Oral 

vaccines were obtained by protective encapsulation of the antigen with a 

polysaccharide-based coating, lyophilized and mixed with the food pellets. Ip. 

vaccines were administered at a single dose on day 1. The oral vaccine dose has 

comprised two administrations each given on a consecutive day, at days 1 and 2. 

The efficacy of the vaccines was analyzed by challenging sole at 90-days post-

vaccination by ip. inoculation with a lethal dose of AS that was previously determined 

in a LD50. For leukocyte analysis, tissue and peritoneal single cell suspensions (40 

µm pore size mesh) were centrifuged onto a 30/51% discontinuous Percoll gradient. 

Labelled cells were analyzed in a CytoFlex flow cytometer. Real-time PCR was 
performed in a QuantStudioTM 3 System (Applied Biosystems).
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Days post-challenge
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OV-WHD

OV-PHD

OV-WLD

OV-PLD

LIPV-W

LIPV-P

STV

Ctr

Vaccine RPS

OV-WHD 45,5%
OV-PHD 54,5%

OV-WLD 36,4%

OV-PLD 27,3%
LIPV-W 54,5%

LIPV-P 27,3%

STV 18,2%

Shortly after immunization, only ip. vaccines activated gene expression related to the 

fish immune response and increased antibody production. Higher IgM specific titters 

against the bacteria were obtained in the serum of fish vaccinated with the novel 

LIPV formulas compared to the STV which correlates with the degree of protection 

(Fig. 2). In contrast, no correlation was found between the degree of protection of the 

oral formulas and the IgM specific titers, indicating that other immune mechanisms 

are also involved in fish protection against the bacteria. 

Fig.2. ELISA analysis of specific anti-AS IgM titers in the serum samples collected at 40 and 80 days post-

immunization. Serum was analyzed at a 1:300 dilution using anti-sole IgM mAb CETGA110 and anti-mouse-

HRP antibodies. *statistically significant. p values < 0.05.n=10.
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As for expression studies, strong involvement of the markers for an inflammatory response were observed in the spleen at 3 and 7 days post-vaccination only in the ip. vaccinated 

groups including il-1b, il-8 and hepcidin. No differences were found in the expression of markers for the specific humoral and cell-mediated responses at these early time-points (Fig. 

3).
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Fig. 3. Expression of pro-inflammatory and cell mediated immunity genes on spleen of control and vaccinated fish. Fish were immunized with oral and ip. vaccines containing the whole or the particulated bacterin and samples were 

collected and processed for RNA isolation at days 3 and 7. Quantitative real-time PCR was performed, and mRNA expression values were determined after normalization to internal control EF-1α mRNA levels and calculation by the 2-

ΔΔCt method. *p value < 0.05.  

At day 3 post-immunization, no significant differences in expression 

levels were observed in the midgut of orally vaccinated fish 

compared to controls for the genes studied. In ip. vaccinated fish, gut 

expression levels were similar to those in the spleen, likely reflecting 

systemic rather than local tissue expression (Fig. 4). Although the 

fish were bled prior to sampling, residual blood likely remained in the 

tissues.

IgM+ B cells among the cell populations in the spleen and peritoneal 

cavity were quantified using flow cytometry. No significant differences 

were detected in the spleen for any group at days 3 and 7. Higher 

percentages of IgM+ cells were found in the peritoneal exudate of the 

groups vaccinated ip. compared to control at 7 days post-vaccination, 

including LIPV and STV, that cannot explain the differences in the 

degree of protection between both groups (Fig. 5). 
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Fig.4. Expression of pro-inflammatory and cell mediated immunity genes on midgut of control and vaccinated fish at day 3. 

Quantitative real-time PCR was performed, and mRNA expression values were determined after normalization to internal control 

EF-1α mRNA levels and calculation by the 2-ΔΔCt method. *p value < 0.05. 
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Fig.5. Flow cytometry analysis of IgM+ population dynamics in vaccinated fish. Percentage of 

IgM+ cells in spleen at days 3 and 7 post-vaccination and peritoneal exudate cells at day 7 post-

vaccination in vaccinated and control fish. Data are presented as mean ± SD. *Statistically 

significant p-values . n=4. Initial gating was performed on FSC/SSC to define the leukocyte 

population, followed by singlet discrimination (SSC-H/SSC-A), and analysis of fluorescence 

intensity (FSC/FITC). 

*
*

Conclusions

• Oral and liposome+gel-based adjuvanted vaccines confer longer-term protection than standard oil-based adjuvanted vaccines in sole against A. salmonicida subsp. 

achromogenes.

• Ip. vaccines induce classical systemic responses such as increment of specific IgM antibodies in serum, recruitment of cells to the peritoneal cavity, and up-regulation of pro-

inflammatory genes.

• The protective effect of the oral vaccine must rely on immune mechanisms different from those triggered by the ip. route. 
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